Introduction {#Sec1}
============

Silicon is known to be a nutritional requirement of a number of algae and higher plants (Lewin and Reimann [@CR16]). Diatoms are representative algae requiring silicon for the formation of epithecae and hypthecae, and reproduction is often limited by the ambient silicon concentration of seawater. It has also been reported that silicon is accumulated in some green and brown algae (Parker [@CR26]). The cell wall is suggested to be the chief localization site of silicon. Moore and Traquair ([@CR22]) reported that the green alga *Cladophora glomerata* requires silicon as a nutrient because it promotes growth of the algae; it is distributed in the cell wall. They also reported that algal growth was inhibited by germanium dioxide, which is a competitive inhibitor of silicon. Germanium dioxide also suppresses the growth of *Laminaria* (Tatewaki and Mizuno [@CR33]; Markham and Hagmeier [@CR19]; Shea and Chopin [@CR32]), *Fucus* (McLachlan et al. [@CR20]; Tatewaki and Mizuno [@CR33]) and 10 other species of brown algae (Tatewaki and Mizuno [@CR33]). Parker ([@CR26]) described that the low level of silicon detected was not necessarily insignificant. However, it is not known whether brown algae require silicon as a nutrient for growth.

All brown algae possess small amounts of silicon, including the order Laminariales which contains many industrially important species. For example, *Ecklonia cava* contains 23.9 μg gDW^−1^ in the blade and 13.35 μg gDW^−1^ in the stipe (Fu et al. [@CR9]). The silicon contents of ashed *Undaria pinnatifida*, *Ecklonia kurome* and *Saccharina japonica* were reported as 0.11, 0.056 and 0.054 mass%, respectively (Kohata et al. [@CR15]). Thus, previous studies suggest that the silicon content is highly variable among different species.

The role of silicon has been investigated in terrestrial plants (Currie and Perry [@CR3]; Liang et al. [@CR18]), where metal toxicity, salinity, drought and temperature stresses can be alleviated by silicon application (Liang et al. [@CR18]). Yoshida et al. ([@CR35]) examined the role of silica deposition as a physical barrier in penetration and reduction of the susceptibility to enzymatic degradation by fungal pathogens. Although omission of silicon in the growth medium did not have any effect on the growth of brown algae, we predict that silicon has a role as a physical barrier in brown algae.

We focused on the role of silicon in the industrially important kelp, *S. japonica*. We initially compared the silicon content in the longitudinal and transverse regions of the thallus, and among scars, sori and the adjacent vegetative regions. We then investigated silicon deposition by culturing sporophyte discs. In this study, we further discuss the role of silicon in the management of *S. japonic*a growth and reproduction.

Materials and methods {#Sec2}
=====================

Five sporophytes of *S. japonica* (300--400 cm in length) were collected from a coastal area near Hakodate, Hokkaido, Japan in May and June 2011. A cork borer was used to remove discs (11.5 mm in diameter) along the median fasciae of sporophytes at 5, 100, 200, 300 and 400 cm from the stipe-blade transition. In addition, discs were also collected from the centre and margin of the marginal region at 100, 200 and 300 cm from the transition of the sporophyte. In the basal part of the narrow marginal region, discs were collected only from the edge of the marginal region situated at 5 cm from the transition. We removed about 1 mm of the hardened part around the hole of the scar on the thallus and also a part of outer vegetative region with no wound. If the thallus had formed sori, we collected the sorus portions and adjacent non-sorus portions. All discs and segments were weighed and prepared before measuring the biogenic silicon content.

Analytical samples were washed with distilled water, wiped with a paper towel and placed in Oak Ridge centrifuge tubes (10 mL; Nalgene, USA) with 1 mL of 0.2 N NaOH. Samples were extracted at 100°C for 20 min and the tubes were centrifuged at 7,000×*g* for 5 min. Extracts were collected and neutralised with 200 μL of 1 N H~2~SO~4~. The neutralised solution was diluted with distilled water and the resulting solution was analysed for dissolved reactive silicate using the acid molybdate method of Parsons et al. ([@CR28]). A calibration of reactive silicate concentrations was conducted using CSK standard solutions (Wako Chemicals, Osaka, Japan). The silicon content was expressed as μg g^−1^ fresh weight.

Further sporophyte discs (3 cm in diameter) were collected at 100--200 cm from the stipe-blade transition and used for culturing. Discs were cultured in a 1-L polyethylene terephthalate bottle with Provasoli's enriched seawater medium (Provasoli [@CR29]) without vitamins and under aeration. The culture conditions were set at 10°C, 60 μmol photons m^−2^ s^−1^ (8-h light/16-h dark cycle). The seawater used for culturing contained 1.4 μM silicate. Media were changed every week. After 1 month, the disc was collected and divided into two parts: the margin and the centre. The margin was cut 1 mm in width from the edge of the disc. The silicon content of these samples was analysed using the method described above. When discs formed sori, sori and the adjacent regions were sampled and analysed for their silicon content.

The silicon distribution was observed by staining with rhodamine 123, which was previously used to visualise silica deposition in diatoms, demosponges and bacteria (Li et al. [@CR17]; Brezeinski and Conley [@CR1]; Müller et al. [@CR24], [@CR25]). Sporophyte discs (1.15--3 cm in diameter) were incubated in Provasoli's enriched seawater with 50 μg mL^−1^ of rhodamine 123 (Wako Chemicals, Japan) for 3 days. After incubation, the discs were removed and rinsed with sterilised seawater to remove surface rhodamine 123. Discs and their hand-cut sections were observed using a fluorescence microscope (AH2; Olympus, Japan) at an excitation wavelength of 380--490 nm.

Data are expressed as means ± standard deviation. Significant differences in the silicon content of discs and segments were tested using the one-tailed paired Student's *t* test. The level of significance was set at *P* \< 0.05.

Results {#Sec3}
=======

Figure [1](#Fig1){ref-type="fig"} shows the longitudinal and transverse silicon distribution in the *S. japonica* thallus. The silicon content (9.6 ± 4.7 μg g FW^−1^) of the median fascia 300 cm from the stipe-blade transition was significantly higher than that of the basal median fascia (2.6 ± 0.6 μg g FW^−1^). A similar trend was observed in the marginal region where the silicon content increased from the basal to apical regions. The transverse silicon content showed a trend to increase from the median fascia to the edge of the marginal region. The silicon content in the edges of the marginal regions 200 cm from the stipe-blade transitions (26.0 ± 14.0 μg g FW^−1^) was seven times higher than that in the median fasciae (3.65 ± 1.40 μg g FW^−1^). The mean silicon content in the stipe was 7.25 ± 2.45 μg g FW^−1^.Fig. 1Longitudinal and transverse distribution of silicon content in *Saccharina japonica* sporophytes collected in June 2011. Data represent means ± SD (*n* = 5). *Asterisks* indicate significant differences at *P* \< 0.05 and *P* \< 0.01

The silicon contents of scars, sori and the adjacent vegetative region with no wound are shown in Fig. [2](#Fig2){ref-type="fig"}. The silicon content fluctuated considerably among scar and sorus samples. The variation in silicon content among samples appeared to be related to the sampling sites on sporophytes, i.e. it was depended on the longitudinal and transverse distribution of the silicon content (Fig. [1](#Fig1){ref-type="fig"}). However, we identified consistent trends between scars and the adjacent regions and between sori and the adjacent regions. The silicon content was higher in scars (Fig. [2a](#Fig2){ref-type="fig"}) and sori (Fig. [2b](#Fig2){ref-type="fig"}) compared with the adjacent vegetative regions.Fig. 2Comparison of the silicon content of scars with a hole (*w*) and the adjacent regions with no wound (*V*) and between the sorus (*s*) and adjacent non-sorus portions (*v*) in *Saccharina japonica* sporophytes. *Numbers* in the figure indicate the scar and sorus numbers

The high silicon contents in the wounded regions and sori were clearly demonstrated in sporophyte discs cultured in the laboratory (Fig. [3](#Fig3){ref-type="fig"}). The silicon content in the wounded regions located in the marginal parts of disc was approximately 16.1 μg g FW^−1^, which was approximately 1.6 times higher than that in the central vegetative region of discs (10.0 μg g FW^−1^) (Fig. [3a](#Fig3){ref-type="fig"}). The silicon content of the sorus region was 6.13 μg g FW^−1^, which was 1.8 times higher than that in the adjacent vegetative regions (Fig. [3b](#Fig3){ref-type="fig"}).Fig. 3Comparison of silicon content in the marginal and central regions of *Saccharina japonica* sporophyte discs cultured for 1 month (**a**) and between sori and the adjacent regions (**b**). *Asterisks* indicate a significant difference at *P* \< 0.01

Figure [4](#Fig4){ref-type="fig"} shows the deposition of rhodamine 123 in the vegetative regions of *S. japonica* sporophytes with no wound. The green fluorescence of rhodamine 123 was observed in the apoplast of the outer cortical cells and the cuticle layers in the vegetative region of sporophytes (Fig. [4a](#Fig4){ref-type="fig"}, b). Small wounded sites also exhibited green fluorescence (Fig. [4c](#Fig4){ref-type="fig"}). Strong rhodamine 123 fluorescence was also observed in the wounded region of the sporophyte disc (Fig. [5a](#Fig5){ref-type="fig"}). The fluorescence was distributed throughout the wound. Moreover, strong rhodamine 123 fluorescence was distributed throughout sori (Fig. [5b](#Fig5){ref-type="fig"}, c). In contrast, the red fluorescence of chlorophyll dominated the vegetative regions. In sori, green fluorescence was particularly noticeable in the mucilage caps and the paraphyses (Fig. [5d](#Fig5){ref-type="fig"}).Fig. 4Bright field (*left*) and fluorescence (*right*) images of the vegetative region of *Saccharina japonica* sporophyte discs loaded with rhodamine 123. **a** Surface view of the vegetative region, showing the distribution of rhodamine 123 fluorescence in the interstitial area between cells. **b** Sectional view of the vegetative region, showing the fluorescence distributed in the cuticle, but mainly in the apoplast between the epidermal cells and outer cortical cells. **c** Surface view of the vegetative region with a small wounded region (*arrows*). *Scale bars*: 50 μm in (**a**) and (**b**) and 100 μm in (**c**)Fig. 5Bright field (*left*) and fluorescence (*right*) images of a wound (**a**) and sorus (**b**) in *Saccharina japonica* sporophyte discs loaded with rhodamine 123. (**c**) Fluorescent surface view image of a transitional area between the sorus (*s*) and non-sorus (*V*) portions, showing strong green fluorescence of rhodamine 123 in the sorus and red fluorescence of chlorophyll in the non-sorus portions. (**d**) Microscopic fluorescence image of separated paraphyses (*p*) with mucilaginous caps (*m*), showing the distribution of fluorescence in paraphyses and mucilaginous caps. *Scale bars* 50 μm in (**a**), (**b**), 100 μm in (**c**) and 10 μm in (**d**)

Discussion {#Sec4}
==========

Silicon deposition in wounded tissues of *S. japonica* sporophytes {#d29e632}
------------------------------------------------------------------

Kelp is continuously exposed to the stress of being wounded by physical damage and grazing in natural environments. Wounding is known to affect the growth and survival of kelps (DeWreede et al. [@CR5]) and fucoids (Toh and Pavia [@CR34]). Wounding increases the susceptibility to pathogen attack, and the timing and level of wounding also influences the quality and quantity of production of industrial seaweeds. Plants generally possess constitutive resistance that is mediated via morphological and chemical systems. The cuticle forms the outermost boundary of the thallus between the internal and external environments, and it provides a protein-rich barrier that confers constitutive resistance (Hanic and Craigie [@CR11]). Sulfated polysaccharides predominate in the cuticle, outer cortex and mucilage ducts (Parker and Diboll [@CR27]), where they provide effective protection against stress (De Lestang and Quillet [@CR4]). Interestingly, silicon was distributed in the cuticle and mucilage caps of sori. It was also deposited in the wounded tissues and in the apoplast between the epidermal cells and outer cortical cells of the vegetative tissues. These observations suggest that silicon contributes to protection from biological attacks and the healing of the wounded regions, while wound expansion is prevented by protectants such as sulfated polysaccharides. This suggests that silicon plays an important role in constitutive resistance.

Schwarz ([@CR31]) reported that silicon may function as a biological cross-linking agent that contributes to the architecture and resilience of the connective tissues, because large amounts of bound silicon are present in pectin and alginic acid. Alginic acid is the major matrix component in brown algae and is distributed in the immediate cell wall (Kloareg and Quatrano [@CR14]). The deposition of silicon is probably closely associated with its binding to apoplastic components such as alginic acid. Furthermore, the toughness of scars seems to be closely linked to the high silicon content of the wounded tissues, although its deposition mechanism remains a subject of future research.

Longitudinal and transverse silicon distribution throughout *S. japonica* thallus {#d29e663}
---------------------------------------------------------------------------------

The transverse distribution of silicon was lower in the basal meristem and higher in the older parts, suggesting that silicon was not necessarily required for sporophyte elongation. The marginal regions also had a higher silicon content compared to the median fasciae. In particular, silicon was accumulated at the edge of the marginal region. This was considered to be related to the high silicon content in the wounded tissues. The thalli of *S. japonica* sporophytes have a thick median fascia that occupies one third of the width, with relatively thin marginal regions on both sides of the median fascia. The marginal regions are considered to be weak compared to the median fascia and they are continually exposed to physical damage. The marginal regions play an important role in photosynthesis and nutrient uptakes, and the changes in width with morphological form and the undulating levels are suggested to be a response to environmental conditions (reviewed by Hurd [@CR12]). Therefore, the marginal region needs to compensate for the weakness caused by its thickness. Thus, silicon may be deposited to protect from the trauma of wounding. From this perspective, silicon provides excellent constitutive resistance in the marginal regions than in the thick median fascia that has less need for strengthening.

Contribution of silicon in the protection of *S. japonica* sporophyte reproductive tissues {#d29e677}
------------------------------------------------------------------------------------------

Kelp sporophytes possess mechanisms for protecting their reproductive organs in sori. The sorus is composed of zoosporangia, paraphyses and mucilage caps. The paraphyses and mucilaginous caps provide a protective covering for the developing sori (Fritsch [@CR8]). The mucilage cup is believed to be composed of a sulfated polysaccharide (Motomura [@CR23]). It has also been suggested that sori have a high phenolic compound content and that they are protected by the release of iodine and radical oxygen species to combat biotic stresses (Mizuta and Yasui [@CR21]). Silicon deposition is also considered to provide constitutive resistance in kelp sori, particularly in the paraphyses and mucilage caps. This current study suggests that silicon deposition might contribute to the success of kelp reproduction.

Induced resistance has also been reported in seaweeds (reviewed by Dring [@CR6]), where mechanical wounding induces an oxidative burst (Collén and Pedersen [@CR2]; Ross et al. [@CR30]). Callus formation after cutting sporophyte segments also induces an oxidative burst (Kanamori et al. [@CR13]). Phlorotannin plays an important role as an anti-herbivory agent; it is also involved in the wound-healing process of seaweeds (Hammerstrom et al. [@CR10]). Silicon deposition appears to progress with induced resistance, suggesting that wound healing and kelp reproduction are supported by both constitutive and induced resistance mechanisms. However, the relationship of silicon deposition and oxidative burst was not elucidated in our study.

Function and requirements for silicon deposition in *S. japonica* sporophytes {#d29e711}
-----------------------------------------------------------------------------

The key mechanisms of silicon-mediated alleviation of abiotic stresses in higher plants include: (1) stimulation of antioxidant systems in plants, (2) complexing or co-precipitation of toxic metal ions with silicon, (3) immobilisation of toxic metals in growth media, (4) uptake processes and (5) compartmentalization of metal ions in plants (Liang et al. [@CR18]). In our study, silicon was found to play an important role in the protection of kelp body, suggesting that it is a quasi-essential element in kelp (Epstein [@CR7]). This requirement is similar to that in higher plants although it remains doubtful whether silicon is a beneficial element.

Silicon was not previously considered to be an environmental factor that influences the cultivation, management and production of kelp in the field or kelp seedling production. However, we now need to consider that silicon might have a protectant role in the management of kelp cultivation. In addition, rhodamine 123 was useful for the evaluation of wounding levels during the cultivation.
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